INTRODUCTION
============

Store-operated calcium channels carry out essential signaling functions throughout the body, in particular in the immune system, where they are required for the adaptive immune response to antigens ([@B40]; [@B50]). Store-operated Ca^2+^ channels such as the well-characterized Ca^2+^ release--activated Ca^2+^ (CRAC) channel are activated through a process initiated by the receptor-triggered depletion of Ca^2+^ from the endoplasmic reticulum (ER), which triggers the coordinated redistribution and interaction of stromal interaction protein 1 (STIM1) and Orai1 proteins ([@B27]). In resting cells, the ER Ca^2+^ sensor STIM1 is diffusely distributed throughout the ER, while the CRAC channel Orai1 resides throughout the plasma membrane (PM). After Ca^2+^ in the ER (\[Ca^2+^\]~ER~) declines following a receptor-triggered increase in inositol 1,4,5-trisphosphate, STIM1 and Orai1 redistribute to ER--PM junctions, where they interact to open the CRAC channel ([@B30]; [@B67]; [@B33]; [@B61]; [@B63]). This process is reversible upon refilling of the ER Ca^2+^ store ([@B55]; [@B51]).

The assembly of the functional CRAC channel from STIM1 and Orai1 after store depletion is an autonomous process triggered by the oligomerization of STIM1 ([@B32]). Release of Ca^2+^ from the EF hand allows dimerization of luminal domains ([@B53]), which triggers a rearrangement of the cytosolic domains of STIM1 and likely induces oligomerization of multiple STIM1 dimers ([@B29]; [@B36]; [@B10]; [@B25]; [@B69]). Artificial dimerization of the luminal domains of STIM1 is sufficient to elicit STIM1 redistribution, clustering, and activation of CRAC channels in cells with full stores, suggesting that once STIM1 has adopted its active conformation, all further events in assembly and opening of the CRAC channel occur independently of \[Ca^2+^\]~ER~ ([@B32]).

What is the basis of this self-organizing behavior? A common mechanism for self-organization in biological systems is the diffusion trap, in which passive, thermally driven motion brings molecules together, and binding interactions maintain their colocalization. The diffusion trap model for store-operated calcium entry (SOCE) posits that resting STIM1 and Orai1 passively diffuse, but once activated, STIM1 binds via exposed polybasic domains to phosphatidylinositol 4,5-bisphosphate (PIP2) or phosphatidylinositol 3,4,5-trisphosphate in the PM at ER--PM junctions ([@B15]; [@B56]). Trapped STIM1 in turn binds to Orai1 in the overlying PM through a direct binding of its CRAC activation domain (CAD; also known as SOAR or Ccb9) to the C-terminus of Orai1 ([@B24]; [@B41]; [@B64]; [@B68]).

Several studies have reported passive movements of STIM1 and Orai1 before and after store depletion. Fluorescence recovery after photobleaching (FRAP) results suggest STIM1 and Orai1 diffuse freely ([@B29]; [@B41]; [@B10]; [@B34]), and STIM1-Orai1 redistribution and clustering persists in ATP-depleted cells ([@B9]). Although FRAP measurements at the cellular level have been interpreted in terms of pure diffusion of a mobile population mixed with immobile fraction, this approach cannot reveal the full range of molecular behaviors in the population, possibly obscuring a combination of active and passive transport mechanisms. While the ATP depletion study argues against active transport, the high ATP sensitivity of motors like myosin II ([@B38]) may make it difficult to reduce ATP to a level that fully prevents motor function. Several studies have reported microtubule-associated STIM1 transport ([@B4]; [@B62]; [@B18]; [@B51]) mediated by binding to EB1 at the tips of growing microtubules in cells overexpressing STIM1 ([@B18]). Although SOCE is apparently not dependent on EB1 or microtubule extension ([@B18]), it is unclear whether these types of active mechanisms contribute to the movement of endogenous levels of STIM1 proteins, particularly in resting cells.

Our goals in this study were to test the diffusion trap model and answer a number of questions related to the nanoscale dynamics of STIM1 and Orai1 before and after ER Ca^2+^ store depletion. Do STIM1 and Orai1 move purely by random diffusion in resting cells, or is an active component involved? After store depletion, to what extent does STIM1 by itself slow or stop once it reaches the junction, and how tightly is it held there by its polybasic domain? How does the presence of Orai1 alter the mobility of STIM1 at junctions? Can we detect the trapping of single STIM1 and Orai1 molecules at ER--PM junctions, and once trapped, are they immobile or do they move as a complex and sample the area within junctional boundaries? Do STIM1 and Orai1 move across the junctional boundaries after store depletion, or is trapping absolute if stores are maintained in a Ca^2+^-depleted state? The dynamics of exchange across junctional boundaries may provide information about the kinetics of STIM1-Orai1 binding reactions that ultimately control the Ca^2+^ flux through individual CRAC channels.

To accomplish these goals and achieve a more complete quantitative view of STIM1 and Orai1 mobility, we used superresolution techniques to track single green fluorescent protein (GFP)-labeled STIM1 and Orai1 molecules and photoactivation to track ensembles of photoactivatable GFP (PAGFP)-labeled STIM1 and Orai1 in intact HEK cells. Single-particle tracking (SPT) can reveal heterogeneous rates of diffusion within an ensemble of molecules, as well as provide sensitive assays for active transport, pure versus hindered diffusion, and diffusion within a boundary. Our results provide direct support for the diffusion trap model for STIM1-Orai1 complex formation, with no indication of active transport. In store-depleted cells, while STIM1 diffusion is slowed progressively by interaction with the PM and binding to Orai1, and Orai1 diffusion is slowed and restricted by STIM1 at ER--PM junctions, a large proportion of STIM1 and Orai1 continue to move throughout the junctions. Using photoactivation techniques to track the escape of STIM1 and Orai1 from junctions at a population level, we also find that both proteins exchange across junctional boundaries with surrounding pools of free STIM1 and Orai1 at a rate that depends on the STIM:Orai expression ratio. Thus, despite the apparent constancy of STIM1/Orai1 puncta at a population level, our results reveal a surprising degree of heterogeneity and dynamics in STIM1 and Orai1 molecular mobility after Ca^2+^ store depletion.

RESULTS
=======

Diffusive behavior of STIM1 and Orai1 in resting cells with replete Ca^2+^ stores
---------------------------------------------------------------------------------

To enable single-particle tracking, we imaged fluorescently labeled STIM1 and Orai1 proteins under conditions in which the separation between adjacent proteins exceeded the diffraction limit (∼250 nm). We tested several labeling methods, including PAGFP, mEos2, and GFP. While all three methods gave qualitatively similar results, we found that GFP-labeled proteins produced the longest tracks before bleaching. Trajectories of single GFP-STIM1 and Orai1-GFP particles in resting HEK cells are shown in [Figure 1](#F1){ref-type="fig"} and Supplemental Videos S1 and S2. Several observations indicate that these particles represent single molecules of STIM1 in the ER and Orai1 in the PM. The fluorescence intensities of the particles were narrowly distributed and single- or double-step photobleaching events were observed, indicating that most particles were labeled with a single GFP (Supplemental Figure S1). Furthermore, after bleaching by prolonged total internal reflection fluorescence (TIRF) illumination, new Orai1-GFP particles entered the cell footprint from the edges of the cell (unpublished data), confirming that Orai1 molecules being tracked were in the PM, not in intracellular vesicles, which would be expected to insert throughout the cell footprint.

![Diffusion of STIM1 and Orai1 in resting cells. (A) A resting HEK cell in 2 mM Ca^2+^ Ringer\'s expressing a low level of GFP-STIM1 and a moderate level of mCherry (mCh)-myc-Orai1. Colored GFP-STIM1 tracks are overlaid on the mCh-myc-Orai1 TIRF image. (B) A resting HEK cell expressing a low level of Orai1-GFP and a moderate level of mCh-STIM1. Orai1-GFP tracks are overlaid on the mCh-STIM1 TIRF image. Tracks in A and B are color-coded by their average diffusion coefficient according to the color scale at far right. (C) Diffusion coefficient histograms for STIM1 (black) and Orai1 (red) in resting cells. STIM1 mean D = 0.116 μm^2^/s (1744 tracks, 3 cells); Orai1 mean D = 0.090 μm^2^/s (4994 tracks, 6 cells). (D) Cumulative histograms of the diffusion coefficients shown in C. (E) Average MSD vs. ∆*t* for all STIM1 and Orai1 tracks in resting cells (weighted average ± weighted SD; see *Materials and Methods*). The dashed lines indicate linear least-squares fits to points 2--5 (∆*t* = 50--200 ms) of the MSD vs. ∆*t* curves for STIM1 and Orai1.](3672fig1){#F1}

We analyzed the mean square displacement (MSD) of single particles over increasing time intervals (∆*t*) to estimate diffusion coefficients (D) and characterize mobility behavior. For each particle, the MSD versus ∆*t* was calculated, and the initial slope of the plot (from time intervals of 50--200 ms) was used to estimate the mean D over the duration of the particle\'s track ([@B26]). The distribution of D values for STIM1 particles in resting cells is shown in [Figure 1C](#F1){ref-type="fig"}, and the cumulative distribution is shown in [Figure 1D](#F1){ref-type="fig"}. The mean D for STIM1 was 0.116 ± 0.002 μm^2^/s (mean ± SEM, *n* = 1744 tracks), similar to values derived from FRAP experiments (0.15 μm^2^/s \[ [@B10]\]; 0.1 μm^2^/s \[ [@B29]\]). SPT also reveals the distribution of diffusion coefficients, which is not obtainable by ensemble methods such as FRAP. The distribution of STIM1 diffusion coefficients extends from 0 to \>0.4 μm^2^/s. Some of this variation results from the statistical uncertainty of estimating D given the limited duration of tracks we observed; however, the observed range of Ds is much greater than predicted by statistical uncertainty of a single D, indicating that particles actually do move with a wide range of speeds (Figure S2A). The least and most mobile particles displayed the same narrow distribution of fluorescence intensities, consistent with their being single molecules of STIM1. A defining threshold for "immobility" was estimated from the apparent diffusion coefficients of Orai1-GFP in fixed cells (Figure S3); based on this definition for immobility (D \< 0.007 μm^2^/s), ∼5% of GFP-STIM1 particles in resting cells were considered to be immobile.

The two-dimensional MSD versus ∆*t* is related to the area a particle explores over time, and the shape of the curve offers additional information about the mode of particle mobility---for example, anomalous diffusion or directed transport---which cannot be readily obtained from FRAP measurements ([@B26]; [@B46]). The MSD versus ∆*t* curve for STIM1 in resting cells is slightly sublinear ([Figure 1E](#F1){ref-type="fig"}, compare with dashed linear fit). The MSD versus ∆*t* relation for particles undergoing free diffusion should be linear, as long as the diffusion coefficients are independent of track length. However, under our experimental conditions, slower STIM1 particles tended to yield longer tracks, while faster-moving particles generally had shorter tracks, probably due to movement out of the evanescent field (Figure S4 caption). To assess how this might affect MSD versus ∆*t* linearity, we performed Monte Carlo simulations to measure the MSD versus ∆*t* from particles having our experimentally measured D values and track lengths but undergoing purely Brownian motion (Figure S4A). The simulations show that our experimental STIM1 data fall within the sublinearity predicted for free diffusion, suggesting that STIM1 moves by Brownian diffusion in resting cells. To test whether a small subset of particles might move by directed transport (e.g., by attachment via EB1 to growing microtubules), we computed the MSD versus ∆*t* for the fastest STIM1 particles (D ≥ 0.2 μm^2^/s). Rather than curving upward as expected from directed transport, the curve remained sublinear (Figure S5), confirming that STIM1 in resting cells moves primarily by free diffusion.

The mean D for Orai1 (0.090 ± 0.001 μm^2^/s; mean ± SEM, *n* = 4994 tracks) was slightly lower than that of STIM1, but the D values were widely distributed ([Figure 1, C and D](#F1){ref-type="fig"}). The mean D falls within the range of previous measurements from FRAP (0.07 μm^2^/s; [@B41]) and SPT (0.13 μm^2^/s; [@B34]). Orai1-GFP in resting cells was predominantly mobile (mobile fraction, 96%), somewhat more so than estimated previously by FRAP (83% mobile \[ [@B41]\]; 91% \[ [@B34]\]). The MSD versus ∆*t* plot for Orai1-GFP is slightly sublinear ([Figure 1E](#F1){ref-type="fig"}). In this case, the sublinearity did not fall within the variation range predicted for free diffusion (Figure S4B), suggesting that Orai1 diffusion is slightly restricted in resting cells.

STIM1 and Orai1 are confined after store depletion
--------------------------------------------------

We next studied the behavior of single STIM1 and Orai1 particles in store-depleted cells. After Ca^2+^ store depletion by treatment with thapsigargin (TG), labeled STIM1 and Orai1 accumulate at ER--PM junctions, generating fluorescent puncta at the light microscope level. To visualize puncta in SPT experiments, we expressed moderate levels of mCherry (mCh)-labeled STIM1 or Orai1 and applied local thresholding to define puncta boundaries (see *Materials and Methods*). Very low levels of GFP-STIM1 or Orai1-GFP were coexpressed for SPT, and we analyzed the trajectories of particles in relation to puncta.

In store-depleted cells, trajectories of STIM1 and Orai1 were found mostly in puncta and were much more spatially restricted than in resting cells (compare [Figure 2, A and B](#F2){ref-type="fig"}, with [Figure 1, A and B](#F1){ref-type="fig"}). Diffusion coefficients of STIM1 and Orai1 within puncta of TG-treated cells were significantly reduced compared with D values in resting cells (STIM1 mean D = 0.031 ± 0.001 μm^2^/s, *n* = 1288 tracks; Orai1 mean D = 0.030 ± 0.001 μm^2^/s, *n* = 832 tracks). The mean D value for Orai1 in depleted cells agrees well with the average D measured by FRAP (0.036 ± 0.006 μm^2^/s; [@B41]). Interestingly, the distributions of D values for STIM1 and Orai1 in store-depleted cells were virtually identical, unlike in resting cells ([Figure 2, C and D](#F2){ref-type="fig"}), consistent with STIM1 and Orai1 moving together as a complex within the ER--PM junction. The size of the immobile fraction also increased significantly, from 5 to 24% for STIM1 particles and from 4 to 25% for Orai1. Possible contributors to the slowing of STIM1 and Orai1 in puncta include complex formation between the two proteins, interactions of STIM1 with the PM, molecular crowding, and diffusion within compartments whose sizes are comparable to the distance traveled within the sampling interval (see *Discussion*).

![Restricted mobility of STIM1 and Orai1 after store depletion. (A) A store-depleted HEK cell (in 0 Ca^2+^ Ringer\'s + 1 μM TG) expressing a low level of GFP-STIM1 and a moderate level of mCh-myc-Orai1. GFP-STIM1 tracks are overlaid on the mCh-myc-Orai1 TIRF image. (B) A TG-treated HEK cell expressing a low level of Orai1-GFP and a moderate level of mCh-STIM1; Orai1-GFP tracks are overlaid on the mCh-STIM1 TIRF image. Tracks in A and B are color-coded by their average diffusion coefficient according to the color scale at right. (C) Diffusion coefficient histograms for STIM1 (1288 tracks, 7 cells) and Orai1 (832 tracks, 6 cells) in store-depleted cells. D values were calculated from junctional sojourns (see *Materials and Methods*). Histograms from resting cells in [Figure 1C](#F1){ref-type="fig"} are overlaid for comparison. (D) Cumulative histograms of data shown in C. (E) Average MSD vs. ∆*t* for STIM1 (1225 tracks, 6 cells) and Orai1 (439 tracks, 5 cells) particle trajectories that started in puncta. MSD vs. ∆*t* graphs from resting cells in [Figure 1E](#F1){ref-type="fig"} are overlaid for comparison.](3672fig2){#F2}

The slowing of STIM1 and Orai1 diffusion at ER--PM junctions by itself could cause local accumulation at these sites. In a region of reduced mobility but lacking actual diffusion barriers, slowed particles would be expected to accumulate until they reach a concentration at which the rates of particle exit and entry are equal; in this way, particles should accumulate in proportion to the reduction of the diffusion coefficient. The degree of slowing we measured in puncta (approximately threefold for Orai1 and STIM1) was significantly less than the observed accumulation of fluorescent Orai1 and STIM1 (expressed at moderate levels) in puncta after store depletion (∼10-fold; Figure S6). In addition, as described below, the MSD versus ∆*t* approaches a plateau rather than being linear as would result from an accumulation mechanism based solely on slowing. For these reasons, slowing alone cannot account for the accumulation of STIM1 and Orai1 in puncta.

On the other hand, accumulation is also expected from a diffusion trap mechanism in which the escape of STIM1 and Orai1 from junctions is restricted by a one-way barrier and/or by tethering. A general hallmark of particles diffusing within a restricted space ("corral") is that the MSD versus ∆*t* is sublinear and approaches a plateau ([@B26]). Consistent with such a confinement mechanism, the MSD versus ∆*t* curves for STIM1 and Orai1 were highly nonlinear in depleted cells, in both cases reaching a similar asymptote within several seconds ([Figure 2E](#F2){ref-type="fig"}). These results suggest that STIM1 and Orai1 encounter a common barrier that confines their movement within junctions. The dimensions of the barrier were estimated from the plateau MSD value ([@B46]). For Orai1, the MSD plateau was ∼0.115 μm^2^ ([Figure 2E](#F2){ref-type="fig"}), which can be approximated by a circular corral with a diameter of 0.68 μm ([@B46]). For STIM1, the estimated corral diameter was 0.76 μm (estimated from an MSD plateau of ∼0.14 μm^2^). We also used local thresholding to measure the areas of all fluorescent mCh-STIM1 puncta that contained tracked Orai1 particles (see *Materials and Methods*). In depleted cells, Orai1 particles were located in mCh-STIM1 puncta with mean area of 0.95 μm^2^ ([Figure 4D](#F4){ref-type="fig"}), equivalent to a circle with a diameter of 1.1 μm. Considering the varying size and shape of puncta, the 0.7- to 0.8-μm corral diameter approximated from the MSD plateaus corresponds reasonably well to the average puncta diameter of ∼1.1 μm, suggesting the boundaries of the diffusion trap correspond to the edges of ER--PM junctions.

![Trapping and escape of single Orai1 and STIM1 particles at ER--PM junctions. All images are from HEK cells treated with 1 μM TG + 0 Ca^2+^ Ringer\'s for 3--6 min. (A and B) Orai1-GFP tracks (yellow) overlaid on the corresponding mCh-STIM1 TIRF image (red). (C) GFP-STIM1 track (yellow) overlaid on the mCh-myc-Orai1 TIRF image (red). (D) Orai1-L273D-GFP track (yellow) overlaid on the mCh-STIM1 TIRF image (red). Starting and ending points of tracks are indicated, and dashed yellow lines indicate tracking gaps identified and linked by u-track (see *Materials and Methods*).](3672fig3){#F3}

![Binding to the PM and Orai1 slows and confines STIM1 diffusion in store-depleted cells. All HEK cells were store depleted by treatment with 1 μM TG + 0 Ca^2+^ Ringer\'s. (A) Histograms of diffusion coefficients for STIM1 alone (green, 4077 tracks, 7 cells), STIM1 particles with Orai1 (black, 1288 tracks, 7 cells), STIM1-∆K alone (blue, 3305 tracks, 6 cells), and STIM1-∆K with Orai1 (red, 729 tracks, 6 cells). (B) Cumulative histograms of data shown in A. (C) Average MSD vs. ∆*t* for STIM1-∆K alone (blue, 3305 tracks, 6 cells), STIM1 alone (green, 3574 tracks, 6 cells), and STIM1-∆K with Orai1 (red, 753 tracks, 6 cells). STIM1 with Orai1 resting (gray) and depleted (black) D histograms and MSD plots are reproduced from [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}. (D) Average area of all puncta containing tracked Orai1 or STIM1 particles, measured from thresholded mCh-STIM1 images (for Orai1+STIM1, *n* = 439 puncta; for STIM1 only, *n* = 3574 puncta).](3672fig4){#F4}

Importantly, SPT offers the unique opportunity to observe the trapping event itself. [Figure 3](#F3){ref-type="fig"} and Videos S3--S6 show examples of single STIM1 and Orai1 particles undergoing free diffusion before being captured and escaping from a diffusion trap at the ER--PM junction, clearly illustrating the distinction between free diffusion outside junctions and confined diffusion within junctions. As indicated by the D histograms ([Figure 2C](#F2){ref-type="fig"}), the most common behavior within puncta was very low mobility, and these particles bleached without escaping. Escaping particles generally showed a higher mobility within the punctum before escaping.

Trapping of STIM1 at ER--PM junctions by interactions with the PM
-----------------------------------------------------------------

How do STIM1 and Orai1 become trapped at ER--PM junctions? STIM1 is known to interact with PIP~2~ in the PM via its C-terminal polybasic domain, providing a means of trapping STIM1 at ER--PM junctions independently of its binding to Orai1 ([@B29]; [@B15]; [@B41]; [@B56]). To test this notion, we compared the mobilities of STIM1 and STIM1-ΔK (which lacks the polybasic domain) in the absence of added Orai1.

After store depletion, single GFP-STIM1 particles (without Orai1) were observed in ER--PM junctions, which were identified as fluorescent puncta of coexpressed mCh-STIM1. STIM1 in puncta slowed down after store depletion, but not to the extent seen when Orai1 was present ([Figure 4, A and B](#F4){ref-type="fig"}, green vs. black; STIM1 only, mean D = 0.056 ± 0.001 μm^2^/s; STIM1+Orai1, mean D = 0.031 ± 0.001 μm^2^/s). Previous studies have ascribed slowing of STIM1 diffusion after store depletion to oligomerization ([@B29]; [@B10]). To distinguish the effects of oligomerization from PM binding, we analyzed the mobility of STIM1-ΔK in store-depleted cells. STIM1-ΔK oligomerizes after store depletion (Figure S7; [@B29]) but cannot bind the PM and does not redistribute to ER--PM junctions in the absence of Orai1 ([@B29]; [@B41]). Surprisingly, STIM1-ΔK (without Orai1) did not slow down detectably after store depletion, appearing similar to wild-type (wt)-STIM1 in resting cells ([Figure 4, A and B](#F4){ref-type="fig"}, blue vs. gray; STIM1-ΔK only, depleted mean D = 0.105 ± 0.001 μm^2^/s, *n* = 3305 tracks). In depleted cells, STIM1-ΔK molecules only slow down when coexpressed with Orai1, and under these conditions, STIM1-ΔK slows to the same extent as STIM1 + Orai1 ([Figure 4, A and B](#F4){ref-type="fig"}, red vs. black; STIM1-ΔK+Orai, depleted, mean D = 0.029 ± 0.001 μm^2^/s, *n* = 729 tracks). These data indicate that binding to the PM (in the absence of Orai1) slows STIM1 mobility, but binding to Orai1 (in the absence of PM binding) slows STIM1 even more ([Figure 4B](#F4){ref-type="fig"}, compare green vs. red), and may account for the overall speed of coexpressed STIM1 and Orai1 in the junctions.

In depleted cells, the MSD versus ∆*t* plot for STIM1 alone is not linear, but as with STIM1 + Orai1, it approaches an asymptote ([Figure 4C](#F4){ref-type="fig"}, green), showing that interactions with the PM are sufficient to trap STIM1. When PM interactions are disrupted, as in STIM1-ΔK, the MSD versus ∆*t* curve is not as strongly confined ([Figure 4C](#F4){ref-type="fig"}, blue vs. green). However, in the presence of Orai1, STIM1-∆K becomes trapped, as shown by its MSD versus ∆*t* curve, which approaches a plateau like those of STIM1 ± Orai1 ([Figure 4C](#F4){ref-type="fig"}, red, green, and black). The MSD versus ∆*t* plots for STIM1 only and STIM1-∆K + Orai1 plateau at slightly higher levels than STIM1 + Orai1, probably due to the larger average puncta sizes in these experiments ([Figure 4D](#F4){ref-type="fig"}), which would result in larger areas of confinement. Consistent with previous studies ([@B41]; [@B56]), our data indicate that either PM binding or Orai1 binding is sufficient to trap STIM1 within the ER--PM junction.

Trapping of Orai1 requires binding to STIM1
-------------------------------------------

Previous studies have suggested that Orai1 becomes trapped at ER--PM junctions through binding of the CAD domain of STIM1 to the C-terminus of Orai1 ([@B24]; [@B41]; [@B64]). To test this model at the single-particle level, we examined the mobility of Orai1-L273D-GFP, an Orai1 mutant that does not bind STIM1 ([@B28]). When expressed at very low levels, Orai1-L273D-GFP is expected to form multimers (presumably hexamers; [@B20]) with endogenous Orai1, consistent with the low fluorescence intensity and primarily one- to two-step photobleaching of Orai1-L273D-GFP particles (unpublished data). Thus these channels would be expected to have a reduced capacity to bind STIM1 compared with the wild-type (wt)-Orai1 channel. In depleted cells, diffusion of Orai1-L273D-GFP within junctions was nearly as slow as wt-Orai1-GFP ([Figure 5, A and B](#F5){ref-type="fig"}). The slowed diffusion of Orai1-L273D in puncta could be due to STIM1 binding to endogenous wt-Orai1 subunits assembled with Orai1-L273D as well as to molecular crowding within the junction. The MSD versus ∆*t* graphs clearly show that in depleted cells the Orai1-L273D curves, while displaying anomalous diffusion, do not approach an asymptote as wt-Orai1 does ([Figure 5C](#F5){ref-type="fig"}), even though L273D- and wt-Orai1 molecules start in puncta of equivalent size ([Figure 5D](#F5){ref-type="fig"}). These data indicate that diffusion of Orai1-L273D is significantly less confined than diffusion of wt-Orai1, which is consistent with Orai1-L273D--containing channels having reduced binding to STIM1. Accordingly, we observed more frequent examples of escape of Orai1-L273D than wt-Orai1 from puncta ([Figure 3D](#F3){ref-type="fig"} and Video S7).

![Diminished STIM1 binding affinity allows Orai1-L273D to escape more readily from ER--PM junctions. ER Ca^2+^ stores in HEK cells were depleted with 1 μM TG in 0 Ca^2+^ Ringer\'s, and mCh-STIM1 was expressed at moderate levels in all experiments. (A) Histograms of diffusion coefficients for Orai1 (from [Figures 1C](#F1){ref-type="fig"} and [2C](#F2){ref-type="fig"}) and Orai1-L273D (blue, 588 tracks, 4 cells) in store-depleted cells. (B) Cumulative histograms of the data shown in (A). (C) Average MSD vs. ∆*t* for Orai1 and Orai1-L273D (431 tracks, 4 cells) for particle trajectories that started in puncta (for depleted cells). Orai1 MSD plots from resting and depleted cells (black and red) are reproduced from [Figure 2](#F2){ref-type="fig"}. (D) Average area of all puncta containing a tracked Orai particle, measured from thresholded mCh-STIM1 images (for Orai1, *n* = 439 puncta; for Orai1-L273D, *n* = 431 puncta).](3672fig5){#F5}

Dynamic equilibrium of STIM1 and Orai1 across ER--PM junctional boundaries
--------------------------------------------------------------------------

Our SPT analyses of STIM1 and Orai1 movement show directly that STIM1 and Orai1 accumulate at ER--PM junctions as the result of confinement by a diffusion trap. An important question is to what extent these proteins are able to escape from the trap when Ca^2+^ stores are depleted. GFP-labeled STIM1 and Orai1 usually bleached within 5 s, making it difficult to capture escape events by SPT. Therefore we estimated the strength of the diffusion trap in two ways: 1) using simulations to estimate the maximal escape probability from the MSD versus ∆*t* plots and 2) using photoactivation of an ensemble of STIM1 or Orai1 proteins labeled with PAGFP to measure their exit from ER--PM junctions over long time periods (\>200 s).

We estimated the escape rate of single particles from junctions using Monte Carlo simulations (see Figure S8). To simulate STIM1 escape from puncta, we placed 1225 particles (the number of particles tracked by SPT) randomly within a circular punctum of diameter 0.68--0.78 μm (dimensions estimated from MSD vs. ∆*t* graphs from depleted cells, [Figure 2E](#F2){ref-type="fig"}). Particles were assigned diffusion coefficients and track lengths corresponding to values measured experimentally. We ran several simulations using these parameters and varied the escape probability, which specified the fraction of time a particle colliding with the junction boundary was allowed to escape rather than be reflected back into the junction. Even with an escape rate as low as 1%, the simulated MSD versus ∆*t* curve lacked a clear plateau (Figure S8), unlike our experimental STIM1 and Orai1 data. These results indicate that under our experimental conditions, fewer than 1% of STIM1 and Orai1 particles escape junctions.

Such a tight trap appears to be consistent with observations that STIM1 and Orai1 fluorescence in puncta is constant over minutes in cells with depleted stores ([Figure 6](#F6){ref-type="fig"}). However, constant fluorescence can also result from particles entering and leaving the puncta at the same rate. Furthermore, escape of STIM1 and Orai1 particles may have been limited in the SPT experiments, because each particle was surrounded by a great excess of its binding partner (to facilitate identification of the junctions), whereas levels of endogenous STIM1 and Orai1 are probably more evenly matched. To examine the rate of escape under more physiological conditions, we examined puncta dynamics in cells expressing roughly equal amounts of PAGFP-STIM1 and mCh-Orai1 or PAGFP-Orai1 and mCh-STIM1. In its resting state, PAGFP is minimally fluorescent when excited at 488 nm, but its fluorescence increases ∼100-fold after activation by 405-nm light ([@B42]). Transfected cells were treated with TG, and a 405-nm laser was focused on a mCh-labeled punctum ([Figure 7A](#F7){ref-type="fig"}). A 5- to 20-ms flash activated PAGFP-STIM1 or PAGFP-Orai1 within the punctum, causing the fluorescence to reach a peak and subsequently decay over several minutes, revealing the loss of STIM1 or Orai1 from the punctum by diffusion ([Figure 7, B and C](#F7){ref-type="fig"}). Because the membrane area into which the fluorescent protein diffuses is essentially infinite, the decay of fluorescence from photoactivation approximates the effective leaving rate for STIM1 and Orai1 from puncta. For both proteins, fluorescence decayed with a double-exponential time course with time constants of 22--25 and 357--376 s. The STIM1 exit rate was somewhat slower than that of Orai1 (*t*~1/2~ of fluorescence decay was ∼100 s for PAGFP-STIM1 and ∼50 s for PAGFP-myc-Orai1; [Figure 7C](#F7){ref-type="fig"}). Given that the fluorescence intensities of mCh-labeled STIM1 and Orai1 puncta are constant over time ([Figure 6](#F6){ref-type="fig"}), these results imply that when expressed at comparable levels, STIM1 and Orai1 in puncta are in diffusional equilibrium with their surrounding pools.

![STIM1 and Orai1 puncta fluorescence is stable over time. HEK cells expressing moderate levels of mCh-STIM1 (A and B) or mCh-myc-Orai1(C and D) together with PAGFP-labeled partner protein were store depleted with 1 μM TG in 0 Ca^2+^ Ringer\'s and imaged by confocal microscopy over time. Regions of interest marking selected puncta are superimposed on average images of 100-frame movies for mCh-STIM1 (A) and mCh-myc-Orai1 (C). Mean fluorescence vs. time (corrected for photobleaching) of the selected mCh-STIM1 (B) and mCh-myc-Orai1 (D) puncta shows stable puncta fluorescence over \>5 min.](3672fig6){#F6}

![Photoactivation reveals continuous escape of STIM1 and Orai1 across ER--PM junctional boundaries. (A) Cells expressing roughly equal amounts of either mCh-myc-Orai1+PAGFP-STIM1 (shown in A and B) or mCh-STIM1+PAGFP-Orai1 were store depleted, and a punctum (identified by the corresponding mCh marker) was illuminated briefly with a focused 405-nm laser beam to activate PAGFP. Dashed lines outline the cell border; white box indicates the zoomed-in area shown in B. (B) Fluorescence of activated PAGFP-STIM1 within the activation region shown in A (blue) was monitored over time by excitation at 488 nm. Times shown in min:s. (C) Mean fluorescence decay (mean ± SEM) from 15 PAGFP-STIM1 puncta (blue) and 17 PAGFP-Orai1 puncta (black) is shown after correction for photobleaching (∼15% over 300 s) and normalization to the initial fluorescence following photoactivation. Biexponential curves (red and green) were fit by least-squares to each data set; time constants are indicated. Half-times for fluorescence decay were ∼50 s for Orai1 and ∼100 s for STIM1. (D) A simple model to explain dynamic exchange of STIM1 and Orai1 across ER--PM junctional boundaries. Formation of STIM1-Orai1 complexes traps both proteins within the junction as they become constrained by their connections across the junctional gap. Only free STIM1 and Orai1 can escape; free proteins are generated at a slow rate that is controlled by the reversible binding reactions between STIM1 and Orai1 subunits (see *Discussion*).](3672fig7){#F7}

DISCUSSION
==========

A diffusion trap mechanism has been widely hypothesized to account for STIM1-Orai1 accumulation at ER--PM junctions but never directly tested. Our analysis of STIM1 and Orai1 movement at the single-particle level, together with photoactivation experiments and Monte Carlo simulations, provides clear evidence for free diffusion of STIM1 and subdiffusion of Orai1 in resting cells and trapping of STIM1 and Orai1 at ER--PM junctions in store-depleted cells. Furthermore, our studies reveal previously unknown behaviors of STIM1 and Orai1, including mobility within junctions and bidirectional exchange across junctional boundaries even when stores are fully depleted.

Diffusion of STIM1 and subdiffusion of Orai1 in resting cells
-------------------------------------------------------------

SPT measurements yielded average D values for STIM1 and Orai1 in resting cells similar to those measured previously by FRAP, validating the single-particle analysis approach. However, SPT also revealed a range of particle speeds and their specific mode of motion, which were not previously detectable. In resting cells, STIM1 moved by Brownian diffusion, as the MSD versus ∆*t* curve for STIM1 fell within the range of variation expected for freely diffusing particles (Figure S4A). Although STIM1 can associate with the microtubule plus end--tracking protein EB1, and several groups have reported "comets" that move with microtubules in cells overexpressing labeled STIM1 ([@B4]; [@B62]; [@B18]; [@B51]), we found no evidence for directed movement of individual STIM1 molecules, even for the fastest-moving STIMs (Figure S5). Thus our results indicate that STIM1 moves primarily by Brownian diffusion in resting cells.

Our SPT data provide the first evidence that Orai1 diffusion in resting cells is subdiffusive and not purely Brownian as had been reported previously ([@B34]). This discrepancy may reflect the short maximal time interval of ∼250 ms used by [@B34]; in our experiments, Orai1 diffusion does appear Brownian at 250 ms, but longer trajectories (∼1--2 s) reveal clear subdiffusion ([Figure 1E](#F1){ref-type="fig"}). The diffusion of many if not all PM proteins is thought to be anomalous ([@B1]), and some well-studied sources of protein subdiffusion in the PM include association with cytoskeletal networks ([@B3]; [@B21]; [@B57]) and transit in and out of microdomains formed either by lipid rafts ([@B11]) or by proteins ([@B12]; [@B58]). Several Orai1-interacting proteins, including calmodulin, CRACR2A, adenylyl cyclase 8, and caveolin ([@B37]; [@B52]; [@B65]; [@B60]), could in principle contribute to anomalous diffusion of Orai1. A recent study found that knockdown of septin proteins alters PM Orai1 distribution in resting cells and disrupts both PIP~2~ and Orai1 arrangement in the PM of depleted cells ([@B49]), raising the possibility that septins may contribute to Orai1\'s anomalous diffusion. In yeast, septins are required for the formation of the PM diffusion barrier between mother and bud, and there is suggestive evidence that septins are involved in creating diffusion barriers in mammalian cells as well ([@B8]). More experiments will be needed to assess the effects of septins on Orai1 diffusion in resting and store-depleted cells.

SPT revealed a broad range of D values for both Orai1 and STIM1 in resting cells (from 0 to \>0.4 μm^2^/s), well beyond what would be expected from statistical uncertainty in estimating D (Figure S2). The D distribution we measured for Orai1 in resting cells is similar to the broad ranges of diffusion coefficients measured by SPT for other PM-localized proteins ([@B12]; [@B14]; [@B3]). Together with its subdiffusive behavior, Orai1\'s range of mobilities implies that the PM contains a heterogeneous mix of Orai1 molecules moving at different speeds due to diverse environmental interactions. STIM1 on average diffuses more slowly than most single-transmembrane ER proteins ([@B31]); this has been attributed to its large cytoplasmic domain interacting with local structures ([@B29]; [@B10]). Collisions with sparsely distributed obstacles slow diffusion without creating subdiffusive behavior ([@B45]) and therefore would be consistent with the slow but Brownian nature of STIM1 diffusion. While it is possible that a fraction of the STIM1 particles we measured in resting cells were within ER--PM junctions, it is unlikely that interactions of their polybasic domain with the PM created a population of slower particles, because STIM1-ΔK particles showed a similar range of diffusion coefficients ([Figure 4A](#F4){ref-type="fig"}). Other potential contributors to the wide range of Ds include the effects of heterogeneous protein density in the ER ([@B2]) or differences in STIM1 oligomerization state. While STIM1 is widely considered to be dimeric in resting cells, a subset of monomers has not been ruled out experimentally. Monomers may have higher mobility, although the effect of transmembrane radius on membrane protein diffusion is still debated ([@B44]; [@B17]; [@B59]).

Characteristics of the STIM1-Orai1 diffusion trap at ER--PM junctions
---------------------------------------------------------------------

In addition to showing the junctional trapping of STIM1 and Orai1 directly, SPT analysis reveals important features of the diffusion trap. Slowing of diffusion within ER--PM junctions alone could cause proteins to accumulate and appear to be trapped. However, the high degree of STIM1 and Orai1 accumulation in puncta, threefold more than would be expected due to slowed diffusion alone (Figure S6), and the clearly defined plateau of the MSD versus ∆*t* curves for STIM1 and Orai1 ([Figure 2E](#F2){ref-type="fig"}) show that accumulation occurs because of a physical confinement of STIM1 and Orai1 within ER--PM junctions. This confinement and the boundaries of the diffusion trap are created by STIM-Orai complex formation and the geometry of the ER--PM junction. STIM-Orai binding is only possible where the ER and PM are close enough ([@B61]; [@B39]) to allow the two proteins to physically interact. Thus formation of the complex restricts movement to the junction, and only upon dissociation into free STIM1 or Orai1 can the proteins escape ([Figure 7D](#F7){ref-type="fig"}; see *A model for the STIM-Orai diffusion trap* below).

Trapped STIM1 and Orai1 were not completely immobilized, but generally dynamic within junctions, with \>60% of D values between 0.005 and 0.05 μm^2^/s. Because the encounter frequency of two proteins is proportional to the sum of their diffusion coefficients ([@B6]), mobility within junctions is expected to promote interactions between STIM1 and Orai1 and therefore facilitate STIM-Orai complex formation and dynamics. Several potential factors governing the speed of STIM1 and Orai1 within the junctions are considered below.Interactions with cytosolic components. STIM1 diffusion in junctions may be slowed not only by interaction of the polybasic domain with the PM but also by interactions with cytosolic components. Our SPT experiments revealed that, even though STIM1-ΔK oligomerizes upon store depletion, it does not slow down (Figures S7 and [4, A and B](#F4){ref-type="fig"}). In contrast, wt-STIM1 diffusion slows by twofold after store depletion, even when measured in bulk ER, where interaction with the PM would not be expected ([@B10]). This discrepancy raises the possibility that STIM1\'s polybasic domain interacts with other proteins after ER Ca^2+^ depletion to slow its diffusion.Collisions with junctional boundaries. In SPT experiments, if the sampling interval (∆*t*) is long enough that a particle collides with the corral boundary (i.e., when 4D∆*t* \> corral area; [@B43]), the particle\'s position becomes averaged toward the center of the corral, resulting in an underestimate of D. Random walk simulations of STIM1 particles with experimentally measured D values from resting cells placed in a 0.76-μm diameter circular corral showed that collisions with the boundary slow the apparent diffusion rate, but not to the degree that we observed in depleted cells (Figure S9). In particular, boundary collisions cannot account for the large increase in immobile particles we observe upon store depletion.Molecular crowding. Slowed and anomalous diffusion due to immobile or mobile obstacles is well recognized ([@B45]; [@B7]; [@B16]) and could contribute to the behavior of STIM1 and Orai1 in puncta. In a study of overexpressed STIM1 and Orai1 in HEK cells, the estimated distance between Orai1 channels in puncta was estimated to be ∼40 nm ([@B23]); at this density, molecular crowding would be likely to slow diffusion. Further experiments will be required to determine how much the junctional protein density slows diffusion and whether crowding is significant at physiological concentrations of STIM1 and Orai1.STIM-Orai complex formation. Several lines of evidence suggest that the mobility of STIM1 and Orai1 are significantly reduced by formation of the STIM-Orai complex. In the absence of Orai1, STIM1 diffusion in depleted cells is slowed, but not as much as when Orai1 is coexpressed ([Figure 4, A and B](#F4){ref-type="fig"}). When both proteins are present in store-depleted cells, STIM1 and Orai1 D histograms are indistinguishable, consistent with the idea that complexes are mostly mobile and that complex assembly drastically slows diffusion of both proteins ([Figure 2, C and D](#F2){ref-type="fig"}). In fact, STIM1-ΔK in the presence of Orai1 diffuses with the same range of speeds as wt-STIM1 + Orai1 ([Figure 4A](#F4){ref-type="fig"}). Because STIM1-ΔK cannot bind the PM, its mobility is primarily determined by forming complexes with Orai1. Finally, the slowing of STIM1 and Orai1 by store depletion is quantitatively consistent with the increased drag caused by binding of 3 STIM1 dimers to a hexameric Orai1 channel (based on the dOrai structure of [@B20]\] and the proposed binding stoichiometry of [@B54]\]). In this case,where *D~complex~* is the predicted D of the STIM-Orai complex, and *D~Orai1~* and *D~STIM1~* are the respective mean diffusion coefficients measured in resting cells (0.09 and 0.116 μm^2^/s). *D~complex~* = 0.027 μm^2^/s, close to the measured mean D of 0.03 μm^2^/s. Given that we expressed an excess of mCh-STIM1 to label puncta with low amounts of Orai1-GFP for SPT, most channels were likely maximally bound to 2--3 dimers of STIM1. The minority of more mobile Orai1 particles may therefore represent channels with 0 or 1 STIM1 dimer bound. This notion may also explain why faster particles were more likely to escape the puncta (e.g., [Figure 3A](#F3){ref-type="fig"}).

A model for the STIM-Orai diffusion trap
----------------------------------------

Our SPT and PAGFP data are consistent with a diffusion trap created by STIM-Orai complex formation at ER--PM junctions ([Figure 7D](#F7){ref-type="fig"}). This working model has several major tenets: 1) STIM-Orai complexes can diffuse only within areas where the ER--PM intermembrane distance is compatible with STIM-Orai binding; 2) STIM and Orai are in a state of dynamic equilibrium in which STIM1 continually binds and unbinds from Orai1; and 3) only free STIM1 and Orai1 can escape from the junction. This model makes several key predictions about the escape of proteins from puncta that are consistent with our experimental results:At high STIM:Orai ratios, the STIM-Orai equilibrium will be biased heavily toward complex formation; there will be little free Orai1 in junctions, so it will rarely escape the trap. Correspondingly, in SPT experiments in which Orai1 was expressed at very low levels compared with mCh-STIM1, escape events were quite rare (\<1% escape probability; Figure S8).Reducing the number or affinity of STIM1 binding sites on Orai1 channels should increase the proportion of free Orai1, thus increasing the frequency of Orai1 escape. This prediction was confirmed in the Orai1-L273D SPT experiments. Under low expression conditions, Orai1-L273D would be expected to combine with endogenous wt-Orai1 to form heteromeric channels with partially impaired STIM1 binding. In agreement with the model, particles containing Orai1-L273D showed significantly less confinement than wt-Orai1 ([Figure 5C](#F5){ref-type="fig"}).At roughly equal expression of STIM1 and Orai1, a shift toward free STIM1 and Orai1 in junctions will occur, enabling the exchange of STIM1 and Orai1 across the junctional boundary. This prediction was borne out in our photoactivation experiments, in which STIM1 and Orai1 were expressed at approximately equal amounts, and both proteins left the puncta at moderate rates ([Figure 7C](#F7){ref-type="fig"}). The biexponential decay of PAGFP-Orai1 in the puncta can be explained by a kinetic scheme in which the fast exponential component largely reflects the escape of the Orai1 pool that was free at the time of photoactivation, while the slow phase reflects the kinetics of Orai1 reequilibration among the various bound states to generate new free molecules that can then escape ([Figure 7D](#F7){ref-type="fig"}).

STIM1 is retained at junctions not only by interactions with Orai1 but also by binding to PIP~2~. Considering that STIM1 alone is tightly confined to junctions through binding to PIP~2~ ([Figure 4C](#F4){ref-type="fig"}), it is surprising that STIM1 (in the presence of Orai1) escapes the junctions in our photoactivation experiments. A possible resolution to this discrepancy is suggested by recent findings that in cells overexpressing STIM1 and Orai1, PIP~2~ was reduced in puncta where STIM1 and Orai1 colocalized, and this effect was dependent on septins ([@B49]). Thus a reduction of PIP~2~ in the junctions may account for the increased escape frequency of STIM1 in the photoactivation experiments, and the somewhat slower time course of STIM1 escape relative to Orai1 may reflect slowing of STIM1 by reversible binding to residual PIP~2~.

Given the high efficiency of STIM-Orai accumulation in puncta, and the constancy of STIM/Orai puncta fluorescence over time, it is surprising that the diffusion trap for STIM1 and Orai1 is so dynamic. Our SPT and photoactivation studies suggest that complexes form with varying stoichiometries and move randomly inside junctional boundaries while stochastically binding and unbinding from their partners. Because free STIM1 and free Orai1 are at diffusional equilibrium across junctional boundaries, when a free protein is generated in the junction, it has a chance to escape if it reaches the edge before it rebinds to a partner. These behaviors suggest that STIM1 and Orai1 interact with relatively low affinity, perhaps allowing for modulation of SOCE, even under conditions of maintained Ca^2+^ store depletion. Further analysis of STIM1 and Orai1 movement within and across junctional boundaries (e.g., in the presence of calcium influx or the absence of accessory proteins) may offer new insights into the dynamic control of STIM-Orai binding and Orai channel activation.

MATERIALS AND METHODS
=====================

Plasmids, cells, and solutions
------------------------------

GFP-myc-Orai1, mCh-STIM1, GFP-STIM1, and mCh-STIM1-∆K have been described previously ([@B33]; [@B61]; [@B41]). Human STIM1 was from Origene (Rockville, MD). Cyan fluorescent protein (CFP)-STIM1 and yellow fluorescent protein (YFP)-STIM1 were gifts from T. Meyer (Stanford University); Orai1-GFP was a gift from T. Xu (Chinese Academy of Sciences, Beijing, China), and mCh-myc-Orai1 was from C. Y. Park and R. Dolmetsch (Stanford University). STIM1-∆K, CFP-STIM1-∆K, GFP-STIM1-∆K, and YFP-STIM1-∆K were made by site-directed mutagenesis (QuikchangeII XL; Agilent Technologies, Santa Clara, CA) of STIM1, CFP-STIM1, GFP-STIM1, or YFP-STIM1 (respectively) to introduce a premature stop codon after aa 670 with primer 5′-GACTCCAGCCCAGGCTGAAAGAAGTTTCCCCTC-3′. Orai1-L273D-GFP was made by mutagenesis of Orai1-GFP using primer 5′-ACCGACAGTTCCAGGAGGACAACGAGCTGGCGGAG-3′. PAGFP-myc-Orai1 and PAGFP-STIM1 were made from GFP-myc-Orai1 or GFP-STIM1, respectively. Three rounds of mutagenesis were made to introduce four point mutations (L64F, T65S, V163A, and T203H) into GFP to convey photoactivatability ([@B42]) using the following primers:

for L64F and T65S (QuikChangeII XL):

5′-CCCTCGTGACCACCTTCAGCTACGGCGTGCAGTG-3′

for V163A (QuikChangeII XL):

5′-GAAGAACGGCATCAAGGCCAACTTCAAGATCCGCC-3′

for T203H (QuikChange Multi):

5′-AACCACTACCTGAGCCACCAGTCCGCCCTGAG-3′

PAGFP-STIM1 was PCR-amplified and cloned into pcDNA5/FRT/TO vector to construct an inducible PAGFP-STIM1--stable HEK cell line using the Flp-In T-REx system (Life Technologies, Carlsbad, CA). HEK 293 cells (American Type Culture Collection, Manassas, VA) and HEK 293 cell lines stably expressing inducible mCh-STIM1 ([@B19]) or inducible PAGFP-STIM1 were cultured as previously described ([@B41]; [@B19]). For stable cell lines, protein expression (of mCh-STIM1 or PAGFP-STIM1) was induced with 1 μg/ml tetracycline for 18--25 h before imaging.

Cells were imaged in 2 Ca Ringer\'s solution containing (in mM): 155 NaCl, 4.5 KCl, 2 CaCl~2~, 1 MgCl~2~, 10 [d]{.smallcaps}-glucose, and 5 Na-HEPES (pH 7.4). For depletion of Ca^2+^ stores, cells were perfused with 0 Ca Ringer\'s solution prepared with 1 μM TG or ionomycin (EMD, Darmstadt, Germany) and (in mM): 155 NaCl, 4.5 KCl, 3 MgCl~2~, 1 EGTA, 10 [d]{.smallcaps}-glucose, and 5 Na-HEPES (pH 7.4).

Cell transfections
------------------

For Förster resonance energy transfer (FRET) and photoactivation experiments, 6-cm dishes of HEK cells were transfected with 0.66--1.5 μg total DNA (e.g., 0.33 μg CFP-STIM1 + 0.33 μg YFP-STIM1) with Lipofectamine 2000 (Life Technologies) for 5--6 h. Cells were plated on coverslips coated with poly-[d]{.smallcaps}-lysine (Sigma-Aldrich, St. Louis, MO), and experiments were performed 24- to 48-h posttransfection.

For SPT experiments, 0.08--0.20 μg of plasmid DNA encoding GFP-labeled protein (e.g., GFP-STIM1, Orai1-GFP) was transiently cotransfected with 0.20--0.40 μg of DNA encoding mCh-labeled proteins (e.g., mCh-myc-Orai1, mCh-STIM1, used to mark location of ER--PM junctions in depleted cells) into HEK cells with Lipofectamine 2000 for 3--5 h. In some experiments, unlabeled STIM1 was cotransfected to ensure proper puncta formation. For example, in the GFP-STIM1 SPT experiments, in which GFP-STIM1 expression was low (0.08--0.15 μg), unlabeled STIM1 (0.3--0.5 μg) and mCh-myc-Orai1 (∼0.2 μg) were both cotransfected. GFP-STIM1--only SPT experiments were performed using an inducible mCh-STIM1--stable HEK cell line (induced with 1 μg/ml tetracycline for 18--25 h; [@B19]) to mark puncta. For GFP-STIM1-∆K SPT experiments, unlabeled STIM1-∆K (0.10--0.34 μg) and/or mCh-STIM1-∆K (0.25 μg) were cotransfected to discourage GFP-STIM1-∆K from oligomerizing with endogenous wt-STIM1.

Cells showed a range of expression levels; higher expressers clearly showed GFP-STIM1 correctly localized in the ER and Orai1-GFP and GFP-myc-Orai1 in the PM. For single-molecule imaging, transfected cells were plated 2--20 h before imaging on coverslips (high performance from Zeiss, Jena, Germany) that were sonicated in 2% RBS detergent (Pierce, Rockford, IL), rinsed several times in nanopure water, aspirated dry, coated with filtered poly-[d]{.smallcaps}-lysine for 30 min at 37°C, and rinsed well with phosphate-buffered saline. We imaged cells either \<24 h or \>72 h posttransfection, when cells expressed low enough levels of GFP suitable for single-molecule imaging (Videos S1--S3).

Photoactivation
---------------

HEK cells stably expressing mCh-STIM1 or PAGFP-STIM1 were transiently transfected with 1--1.5 μg PAGFP-myc-Orai1 or mCh-myc-Orai1, respectively, and imaged 24 h posttransfection on a Leica (Wetzlar, Germany) SP2 AOBS confocal microscope with HCS PL Apo Cs 100× oil-immersion objective (1.4 NA). Cells were bathed in 0 Ca^2+^ Ringer\'s solution + 1 μM TG to deplete stores. mCh-STIM1 or mCh-myc-Orai1 fluorescence (excited with a 594-nm line of a 2 mW HeNe laser, PMT collection from 610 to 840 nm) was used to locate puncta for photoactivation of PAGFP-myc-Orai1 or PAGFP-STIM1, respectively. The selected punctum was illuminated for 5--25 ms with a 405-nm diode laser at 100% power (pinhole set to 1 Airy unit) to photoactivate PAGFP. Laser-spot size (∼1.5--1.8 μm^2^) was measured by photobleaching diffuse GFP-myc-Orai1 in resting cells fixed with 4% paraformaldehyde. PAGFP fluorescence was monitored with 488-nm excitation at low power (5--25% of 20 mW Ar laser, PMT collection set to 500--570 nm for GFP). Fluorescence decay within a 10-pixel (∼1.5-μm diameter) circle surrounding the punctum was analyzed using ImageJ ([@B48]). Before analysis, all fluorescence decay data were background subtracted and corrected for photobleaching (∼15% over 300 s) using fixed cells expressing the same PAGFP construct and imaged with identical laser settings. Experiments were performed at 22--25°C.

FRET
----

HEK 293 cells expressing CFP- and YFP-labeled STIM1 or STIM1-∆K were imaged at 22--25°C 24--48 h posttransfection using the three-cube FRET (E-FRET) method as described by [@B10], except the YFP excitation filter was 490 ± 5 nm (Chroma, Bellows Falls, VT). FRET efficiency (FRET-E) was calculated as described by [@B66], using the following measured bleedthrough factors: *a =* 0.150 ± 0.002 (*n* = 30 cells), *b =* 0.021 ± 0.005 (*n* = 30), *c =* 0, *d =* 0.442 ± 0.004 (*n* = 43), and *G* parameter = 1.83 ± 0.06 (*n* = 21). FRET-E values are expressed as mean ± SEM.

TIRF and single-particle imaging
--------------------------------

GFP and mCh were imaged at 22--25**°**C with through-the-objective TIRF microscopy using a microscope (Axiovert S100TV; Zeiss) with a Fluar 100×, 1.45 NA oil-immersion objective (Zeiss). The 488-nm and/or 561-nm laser light (Coherent, Santa Clara, CA) was filtered, combined, expanded (10× beam expander; Edmund Optics, Barrington, NJ), and focused at the back focal plane of the objective. For simultaneous excitation of GFP and mCh, we used a Di01-R405/488/561/533 dichroic (Semrock, Rochester, NY). For simultaneous collection of GFP and mCh images, fluorescence emission was split using an Optosplit-II (Cairn Research, Faversham, UK) containing dichroic (FF580-FDi01; Semrock) and emission filters for GFP (FF02-525/50; Semrock) and mCh (E600LP; Chroma). In some experiments, a neutral density filter was placed in the mCh emission path of the Optosplit to prevent mCh image saturation. In some experiments 488-nm excitation alone was sufficient to excite both GFP and mCh. Images were acquired with an Andor (Belfast, UK) iXon DU897E electron multiplying charge-coupled device camera, with EM gain set to 1000 (maximum). Laser shutters and image acquisition were controlled by Micro-Manager ([@B13]). All fluorescence images were acquired with 1 × 1 pixel binning.

To image single molecules of STIM1 or Orai1, we tested various 488-nm TIRF illumination settings and frame exposures from 10 to 100 ms and found that a 488-nm laser power density (at the coverslip) of 30 W/cm^2^ and ∼50 ms camera exposure yielded the best balance between signal-to-noise ratio and GFP lifetime before bleaching. Continuous bursts of 1000 or 2000 images (at 51.74 ms/frame) were collected to disk. To minimize the overlap among particle trajectories in cells expressing a higher than ideal density of GFP molecules, we applied 488 laser illumination before burst movie acquisition to photobleach and reduce the number of fluorescent particles.

Single-particle tracking
------------------------

Simultaneously acquired GFP and mCh burst movies were aligned to each other using fluorescent bead images acquired on the same day (100-nm TetraSpeck Microspheres; Life Technologies) and the MultiStackReg plugin ([@B35]) for Fiji ([@B47]). u-track software ([@B22]) was applied to GFP burst movies to detect single particles at subpixel resolution and to link them across frames into trajectories ("tracks"). Gaps occurred due to intermittent transitions to and from a nonfluorescent dark state ("blinking"). Tracks were linked across gaps using parameters that optimized the accuracy of track identification. Tracks generally terminated due to irreversible GFP bleaching, and lengths were approximately exponentially distributed with means from 1.8 s (GFP-STIM1 in resting cells) to 4.1 s (Orai1-GFP in depleted cells). Our localization precision was ∼30 nm in both *x* and *y* dimensions based on the precision of Gaussian fitting to particle profiles in u-track ([@B22]).

SPT analysis
------------

Analysis of SPT data obtained with u-track was performed using custom procedures written in Igor Pro (Wavemetrics, Portland, OR). Each particle\'s MSD versus *n*∆*t* was calculated by averaging the square displacements over all pairs of points in the track for increasing time intervals, where ∆*t* was the sampling interval in our experiments, 51.74 ms, and *n* the number of time intervals. For each tracked particle, the average microscale diffusion coefficient, D, was estimated from the initial slope of the MSD versus ∆*t* curve (D = MSD/4∆*t*), between points 2 and 5 (∼50--200 ms). To collectively analyze SPT data acquired under the same experimental conditions, we combined individual MSD versus ∆*t* curves into an ensemble average MSD versus ∆*t*. Because the MSDs for short time intervals (which will be the mean of many points) are more reliable than the MSDs for longer time intervals (means of fewer points), all average MSD versus ∆*t* plots are displayed as a weighted ensemble average MSD (± weighted SD), where each individual MSD was weighted by that particle\'s track length. Only particles with tracks longer than 20 points (1.03 s) were included in the ensemble average MSD versus ∆*t* calculations.

SPT analysis based on particle location relative to ER--PM junctions
--------------------------------------------------------------------

For all analyses of STIM1 or Orai1 tracks in resting cells, we computed MSD versus ∆*t* and diffusion coefficients from all tracks (e.g., [Figure 1, C--E](#F1){ref-type="fig"}). For SPT analysis in store-depleted cells, STIM1 and Orai1 tracks were analyzed based on their location relative to ER--PM junctions. We defined ER--PM junction boundaries by summing all mCh-STIM1 or mCh-myc-Orai1 frames in a burst movie and thresholding the summed mCh image using the Bernsen local contrast method (radius = 5) in Fiji. The Bernsen method produced thresholded images that very closely approximated the location of puncta of mCh-STIM1 or mCh-myc-Orai1 (Figure S10). Any time the *x-y* position of a STIM1 or Orai1 particle was in a white pixel (Figure S10B), that particle was considered to be in a punctum or ER--PM junction. For all SPT analyses in store-depleted cells, we analyzed either junctional sojourns or tracks starting in puncta (see explanations below), with the exception of STIM1-∆K (without Orai) in depleted cells. Because STIM1-∆K does not form puncta in the absence of Orai, we calculated MSD versus ∆*t* graphs and D values from all tracks for STIM1-∆K (--Orai).

When estimating the D values of STIM1 and Orai1 within junctions in depleted cells, we analyzed junctional sojourns, which we defined as only the segments of tracks within puncta (delineated by Bernsen thresholding). Tracks may not have started or ended in puncta, but only the time intervals spent within puncta were included in the MSD versus ∆*t* curves used to compute D values in store-depleted cells ([Figures 2, C and D](#F2){ref-type="fig"}, [4, A and B](#F4){ref-type="fig"}, and [5, A and B](#F5){ref-type="fig"}). This procedure provided an estimate of the mean D for each particle only during the time it was within a junction.

For determining whether STIM1 or Orai1 in depleted cells experienced restricted diffusion, only tracks starting in puncta were included in the MSD versus ∆*t* graphs (e.g., [Figures 2E](#F2){ref-type="fig"}, [4C](#F4){ref-type="fig"}, and [5C](#F5){ref-type="fig"}). MSD versus ∆*t* was calculated from the entire particle\'s track, even if the particle left the punctum, as long as the track started in a punctum. If we limit the MSD versus ∆*t* graph to only junctional sojourns, the curve approaches an asymptote that is artificially imposed by the Bernsen-thresholded image, because the MSD versus ∆*t* plot is limited to track segments that never leave puncta boundaries (Figure S10, D and E, blue curves). If we assume the edges of the corral are determined by the edges of ER--PM junctions, then comparing the MSD versus ∆*t* graphs of Orai1 tracks starting in puncta versus junctional sojourns tells us how well the Bernsen threshold method approximates the size of the ER--PM junctions. Figure S10, D and E, shows that the Orai1 and STIM1 MSD versus ∆*t* curves for junctional sojourns reach asymptotes slightly faster than the curves for tracks starting in puncta. The lower plateaus of the MSD versus ∆*t* curves for junctional sojourns would estimate smaller confinement radii than the MSD plateaus for tracks starting in puncta, indicating that the Bernsen threshold slightly underestimates the size of ER--PM junctions.

Diffusion simulations
---------------------

Monte Carlo simulations of diffusion were performed using custom procedures written in Igor Pro (Wavemetrics). For each time interval ∆*t* (set to 51.74 ms as in our experiments), new particle positions were calculated based on a step size of (4D∆t)^1/2^ and a randomly chosen trajectory angle (0--360^o^). All particles were either assigned a common D and track length, or, in some simulations, each particle was given a unique D and track length from an experimentally analyzed STIM1 or Orai1 particle. For simulations of escape from puncta, when particles crossed the simulated boundary they were reflected back into the punctum with a frequency of 1 − *P*~esc~, where *P*~esc~ is the escape probability.
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CAD

:   CRAC activation domain

CFP, cyan fluorescent protein; CRAC

:   calcium release--activated calcium

D

:   diffusion coefficient

ER

:   endoplasmic reticulum

FRAP

:   fluorescence recovery after photobleaching

FRET, Förster resonance energy transfer; GFP

:   green fluorescent protein

mCh

:   mCherry

MSD

:   mean square displacement

PAGFP

:   photoactivatable GFP

PIP2, phosphatidylinositol 4,5-bisphosphate; PM

:   plasma membrane

SOCE

:   store-operated calcium entry

SPT

:   single-particle tracking

STIM1

:   stromal interaction protein 1

TG

:   thapsigargin

TIRF

:   total internal reflection fluorescence; YFP, yellow fluorescent protein.
